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Reference Specimen Slab dimension f: Flexural reinforcement Integrity reinforcement
(m) (Mpa) P, % fv fu Ewr % Ach fv fu Ew %
Guandalini PG5-2b 3 Xx3x0.25 405 025 55 612 - - - - -
et al. (2009) PG-5 3 x3x0.25 29.3 033 555 659 - - - - -
PG-11 3 x3x0.25 3.5 075 570 684 - - - - -
Fernandez PM10 1.5x1.5x%x0.125 31.1 082 601 664 739 4910 560 599 7.9
Ruiz PM11 1.5x15x%x0.125 323 082 601 664 739 4912 548 625 10.5
PM12 1.5x15x%x0.125 324 082 601 664 739 4914 527 629 13.5
ctal @013) —HNpT  15x1.5x0.025 402081 625 641 6.07 498 _ 625 _ 64l 89

Table 1. Geometric and material properties of test specimens without shear reinforcement.
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— Vet VR ppatest Veppurm  VRppuim  Veppotest Ve pp.o.test Vi ppaurM [ZRM—MLM
kN kN kN kN kN VR,p,test VR.pp,u,test fppastest
PM10 22548 159 209.38 162.03 74.66 0.33 1.32 1.02
PMI11 240.11 237 270.99 223.53 88.74 0.37 1.14 0.94
PM12 246.39 245 292.05 236.70 107.52 0.44 1.19 0.97
PM21 25447 185 175.39 140.38 87.43 0.34 0.95 0.76
Average 0.37 1.15 0.92
COV.,% 4.97 15.34 11.32

Table 2. Comparison of modeling results and test results. Note that RM and LM stand for rebar method and link element
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Abstract:

Reinforced concrete flat slabs are simply a plate of uniform thickness placed on columns without the help of beams or
capitals or drop panels. Due to the direct transfer of slab loads to the supporting column, the column tends to punch
through the slab. Flat slabs without shear reinforcements often have a shear failure with very little ductility and no sign
of warning. Most studies of flat plate performance were attended to punching shear failure, and very little research was
conducted on the flat plate behavior after punching failure and its subsequent progressive failure. Consequently, the
literature on the behavioral characteristics of flat slabs following punching failure is very restricted.

Over the past years, researchers have proposed different models of grid model and shell element model for 3D modeling
of flat slabs. In the grid model, the slab is simulated by a grid of beam elements, Because the load-bearing process in the
slabs is somewhat similar to the load-bearing process in the beams. This method can be used to analyze the progressive
collapse but requires much effort in modeling the slabs. The use of multilayer shell element for modeling slabs can be
used with less effort and higher accuracy.

In the present study, two improved methods of macro modeling were proposed to predict the post-punching behavior

of the slab-column connections. These modeling techniques can be used to analyze the progressive collapse of reinforced
concrete flat slab buildings. Liu et al. (2015) proposed a macro model to analyze the progressive collapse of flat plate
buildings. In this macro model, the slab-column joint region is simulated by the inflexible shell element. The critical
section of the punching shear around the joint region is considered at distance half slab effective depth from the edge of
the column. To simulate the slab away from the punch environment, a multilayered shell element consisting of concrete
and rebar with nonlinear material properties is used. The junction area between the critical punch section and the edge of
the column is modeled with two beam elements for each column face. Then flexural, shear, torsional, and axial behaviors
are defined with six degrees of freedom for the connector beam elements. This model can be used to evaluate the potential
for progressive collapse of flat slab buildings, but this model ignores the post-punching resistance of flat slabs.
The post-punching resistance of flat slabs without transverse reinforcement, without taking into account the interaction
of aggregates, the sum of the shear transfers through tensile reinforcements and integrity reinforcements. In the present
study, the model presented by Liu et al. (2015) was modified to assess the post-punching response of the slab-column
connections. In the proposed model, constant residual shear strength is assumed after the punching shear failure for the
connector beam element to consider to the post-punching shear transfer through the flexural reinforcements. The
remaining shear strength (Vg ,p,0) improves by increasing the diameter of the integrity reinforcement. The remaining
shear strength for integrity bars with diameters of 8 to 14 mm is recommended about 30% to 40% of the punching strength,
respectively.

To evaluate the post-punching resistance of flat slabs due to the integrity reinforcements, two methods of modeling,
rebar model and link element model were presented. In the modeling with the rebar, the integrity reinforcement of the
specified length (L) and with an initial distance of the strain (Eo’int) is placed vicinity to the connector beam element.
The length of the rebar and the initial distance of the strain through the calibration with the test results were 13d}, ;,, and
0.005, respectively. In the second method of modeling, a link element is placed vicinity to the connector beam element.
The link element is activated after the punch. A mechanical model was presented for the contribution of integrity
reinforcements in the post-punching shear transfer. Comparison of the final results of the two modelings mentioned above
with the test results shows that both methods of modeling have acceptable accuracy in predicting post-punching strength,
post-punching stiffness, and deformation capacity. To improve the proposed models, further studies are needed on the
modeling of the exterior slab-column connections of the flat slab structure and the shape of the cross-sectional area.

Keywords: Flat slab, Slab-column connection, Post-punching behaviour, Integrity reinforcement, Progressive collapse
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